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PREFACE

This report details the work performed during the project “Supplement No 1 to the
Subcontract S-5000.42, Phase II, Pulsed Streamer Reactor Characterization,” through contract
with the United States Air Force and on subcontract with Applied Research Associates, Inc.,for
the time period January 1, 1997 to May 15, 1997. Some of the work given in this report was
performed as part of the master's thesis in chemical engineering of Mr. David Grymonpre’ which
will be defended in the summer of 1997. Giridhar Saithamoorthy (graduate student in chemical
engineering), Steven White (undergraduate student in chemical engineering), Howell Hanson IV
(undergraduate student in chemical engineering), Shawn Goldstein (undergraduate student in
chemical engineering) and Cadet Dan Lamar (USAFA undergraduate chemistry major) assisted
conducting laboratory experiments. Technical assistance from Mr. Wright C. Finney (research
associate in chemical engineering) and Dr. Ronald J. Clark (chemistry professor at FSU) was
instrumental in performing this work. Work performed from June 26, 1996 to December 1, 1996
was reported in the Interim Report, Pulsed Streamer Corona Reactor Characterization - Phase II,
submitted on December 1, 1996. Three papers are under preparation for reporting the results of
this work in peer reviewed scientific journals: 1) Chemical Reaction Kinetics and Reactor
Modeling of NOx Removal in a Pulsed Streamer Corona Discharge Reactor (Industrial and
Engineering Chemistry Research), 2) Pulsed Streamer Corona Discharge Characteristics in
Aqueous Solutions Containing Solid Particles (Applied Physics Letters), and 3) Chemical
Reactions of Phenol Degradation in a Pulsed Corona Reactor with Activated Carbon
(Environmental Science and Technology). A presentation at the Fourth International Conference

on Advanced Oxidation Technologies is also planned.
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EXECUTIVE SUMMARY

Aqueous-phase pulsed corona discharge for wastewater treatment is considered in the
present work. Analysis of the physical and chemical aspects of corona discharge in water, in salt
solutions, and in solutions containing added particles is considered in order to evaluate the
potential of this technology for treating water polluted with small aromatic organic compounds.

The specific accomplishments of this project include:

1) Activated carbon particles have a unique effect on the streamer characteristics of liquid-phase
pulsed corona discharge. The addition of activated carbon to liquid-phase corona discharges
leads to enhanced streamer production and higher sparkover voltages. Higher sparkover voltages
and enhanced streamer production are expected to lead to enhanced production of reactive
species that lead to pollutant degradation. Studies with activated carbon that has been washed to
remove salts and other compound residues from the manufacturing process leads to the
conclusion that the combination of activated carbon with salts containing potassium cations is
responsible for the unique behavior of unwashed activated carbon. Salt solutions containing
potassium, sodium, or calcium ions with chlorine anions do not have similar effects on the
discharge characteristics. Clean carbon particles alone behave as other particles such as glass
spheres or elemental copper. It is only the combination of washed carbon and potassium salts
that lead to behavior similar to the unwashed carbon; i.e. they lead to significantly lower power
consumption. Electron microscope and x-ray emissions studies indicate surface regions on the
activated carbon that are associated with high levels of potassium. The reasons for the enhanced

effects of potassium salts are unknown at the present time.

2) A mathematical model describing bulk solution chemical reactions, chemical reactions in the
particle phase, and diffusion into the particle phase, has been developed using the methods of
spatial averaging. The major parameters in the model include the reaction rate constants, the
adsorption constant for adsorption to the activated carbon, and the mass transfer coefficient for
transport from the bulk solution to the surface of the particle. Experimental measurement of

corona reactions without particles serve to provide information on the bulk solution reaction rate

iv




constants, and measurements of adsorption without corona give the equilibrium and mass
transfer coefficients. Through combination of the model and these results, it is expected that the
role of surface corona-induced reactions may be elucidated. Further work is needed to fully
compare the experiments and model, and to extend the model to include additional byproducts

for the reactions.

3) Measurement of phenol degradation and byproduct formation in the liquid-phase corona
reactor with and without added particles and at various applied voltages was performed. The
major byproducts include hydroquinone, catechol, and resorcinol as measured by HPLC. The
formation of different amounts of byproducts in the presence of activated carbon and in its
absence lead to the possibility of surface induced reactions; however further work needs to be
done before a final conclusion concerning the magnitude of the surface reactions can be made.
The rate of decrease of bulk phase phenol concentration in the absence of carbon with corona is
much less than the rates of decrease of bulk phase phenol concentration in the presence of corona
and carbon. Carbon alone is able to remove phenol from the bulk solution; however, it leads to
no degradation since no byproducts are formed. The rate of phenol removal with carbon and no
corona is slower than that of corona with carbon indicating that the potential surface reactions

may be occurring.

4) Experiments with corona in the presence of aqueous film-forming foam (AFFF) indicate that
corona is able to mechanically disrupt the structure of the foam and that a corona discharge can
be created in the presence of a foam. Foamability measurements indicate, however, that the

pulsed corona may not significantly chemically degrade the AFFF.
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SECTION1I
INTRODUCTION

A. RESEARCH OBJECTIVES

The specific emphasis of this project was to determine the effects of powdered activated
carbon and other small particles on the removal of small organic compounds from aqueous
solutions in the presence of pulsed streamer corona discharges as specified in Tasks 6, 7, and 8 of
the contract proposal. In addition, the potential for using pulsed corona discharge to degrade

aqueous film-forming foam (AFFF) was investigated.

B. BACKGROUND

The electrical, physical, and chemical characteristics of pulsed streamer corona
discharges in air have been extensively studied for applications to nitrogen oxide removal, sulfur
dioxide removal, volatile organic contaminant removal, and for the production of ozone
(Creyghton, 1994; Masuda and Nakao, 1990; Clements, et al., 1989). Although further work is
needed to develop this technology, the fundamental issues of how streamers are formed through
the development of Townsend avalanches, electron impact ionization and the formation of
ionization waves have been well studied (Nasser, 1971; Loeb, 1965). Recent studies have
investigated the application of pulsed streamer corona for the treatment of aqueous-phase
pollution (Clements, et al., 1987; Sharma, et al., 1993; Joshi, et al., 1995). Although a number of
investigators have studied the fundamental issues involved in dielectric liquid breakdown (Jones
and Kunhardt, 1995ab; Klimkin, 1990ab; Kuskova, 1983, 1990; Devins, et al., 1981) little
attention has been focused on the effects of solid particles on the liquid-phase breakdown
phenomena and, additionally, the effects of additives (solid particles and liquid conductivity) on
the sparkover voltage has not been previously reported.

The present study is motivated by earlier work in our group to investigate the potential of
aqueous-phase pulsed streamer corona for the degradation of organic contaminants (Sharma, et
al., 1993; Joshi, et al., 1995). This work has shown that small aromatics, including phenol,
benzene, xylene, and toluene, can be degraded using a point-to-plane electrode geometry with a

short-pulse high-voltage electrical discharge. It was also observed that the addition of iron




(ferrous sulfate) greatly enhanced the removal of the organic through the Fenton's reaction.
Experimental determination of the chemical reaction kinetics and the rates of formation of
hydrogen peroxide and hydroxyl radicals has been performed (Joshi, et al., 1995). Activated
carbon adsorption is a well known process for physically removing organic contaminants from
wastewater and recent work has indicated the existence of oxidation reactions on the surface of
the activated carbon in oxidizing environments including oxygen-containing solutions (Abuzald,
et al., 1994; Vidac, et al., 1993). The application of aqueous-phase pulsed streamer corona in the
presence of solid activated carbon particles may have several advantages over the use of either
process alone. One of these advantages is that the addition of activated carbon particles strongly
affects the electrical discharge characteristics of the liquid-phase discharge, which may lead to

enhanced chemical reactions for pollution degradation.




SECTION II
EXPERIMENTAL APPARATUS AND PROCEDURES

A. POWER SUPPLY AND REACTOR SPECIFICATIONS

The reaction chamber used in this study, shown in Figure 1, consists of a 1000 ml
jacketed glass vessel. The region of electrical discharge is located at the tip of a sharp metal rod,
which is connected to a high-voltage pulsed power supply. The corona extends from the tip
upward toward the stainless steel ground plate in a point-to-plane geometry. The separation
distance between the needle tip and ground plate was set at 5 cm for all experimental runs. A
magnetic stirrer at the bottom of the vessel provides thorough mixing of the solution. There are
four openings on the cover of the vessel; these openings are used for connection of the ground
stainless steel plate and for removal of liquid samples for analysis. The high voltage lead is
introduced through the side of the reactor in a glass tube specially designed and constructed for
this project.

The difference between the present system and other corona discharges such as dc
discharge, ac discharge, and long-pulse (us — ms pulse width) treatments is that the electrical
discharge in this reactor has a short pulse width and a fast rise time. Pulsed power is produced
by a rotating spark gap high-voltage pulsed power supply, capable of supplying the reactor
discharge electrode with high voltage (10 — 80 kV), short duration, (200 — 1000 ns), fast rise time
(20 — 50 ns), repetitive (60 Hz ), electrical pulses. The source input is a high-voltage
transformer supplying rectified AC power to the pulse-forming circuit. This high voltage goes
through a series of current-limiting resistors and a set of diodes that remove the negative part of
the sine wave. The half-wave rectified voltage then charges an array of ceramic “doorknob”
capacitors, which discharge into the reactor load whenever the rotating spark gap closes. Further

details are given in Sharma, et al. (1993), Joshi, et al. (1995), and Clements, et al. (1987).

B. ANALYTICAL INSTRUMENTATION
Experimental work on this project focused on two aspects; physical characterization of
the effects of added particles on the pulsed corona discharge, and chemical analysis of the effects

of added particles on the degradation of model compounds in the corona discharge. The physical
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Figure 1. Schematic of liquid-phase reactor




characterization of the effects of particles on the discharge, including measurement of pulse
voltage, current and power, utilized a Tektronix TDX 460 four-channel digitizing oscilloscope
with a P6015A 1000x 3.0-pF, 1000-MQ voltage probe and a current probe (P6016). In addition,

a series of electron microscope studies, Proton Induced X-ray Emission (PIXIE) scans, and x-ray

emissions measurements were performed on samples of activated carbon in order to determine

the chemical composition and physical structure of these particles. These measurements were
made using facilities located in the Department of Biological Sciences at Florida State
University. Chemical analysis of the byproducts from the degradation of phenols in the pulsed
corona reactor was made using a Perkin-Elmer HPLC located in the Department of Chemical

Engineering and using a C-18 column.




SECTION III
REACTION MODELING (Task 8)

In order to describe the effects of added particles on the removal of small organic species
from aqueous solution in the presence of pulsed corona discharge a reaction/diffusion model has
been developed. The model includes chemical reaction within the pore space of the activated
carbon particles as well as chemical reaction in the bulk solution. Adsorption and mass transfer
effects are also included. Several cases of reaction/diffusion are developed below and example
calculations given.

Casel

Consider a single porous particle suspended in a well-mixed batch reactor containing one

reactive species with concentration c. The species continuity equation for the bulk phase is

dt or

XA (1)
where V is the volume of the bulk phase, D is the effective diffusion coefficient within the
particle, A is the total external surface area of all particles (note that all particles are assumed to
be identical spheres with radius R), k; is the reaction rate constant in the bulk phase, and ¢y is the

bulk concentration of the reacting species. The particle-phase species balance is given by

Jc &c
o Par e @

where c is the concentration in the particle, k, is the reaction rate constant in the particle, and, for
simplicity, particle curvature has been neglected (this will affect the final results only through a
constant term).

The boundary and initial conditions are as follows,

Crr™= ch r=R (3)
ﬁ =0 4
or'" @)
Co(t=0) =cpo &)
c(t=0)=0 (6)




where K is the adsorption constant. The first step in solving equations (1) and (2) is to non-

dimensionalize both of these equations by defining

S== )
"R
tD
T=p ®)
Substituting equations (7) and (8) into (1) and (2) gives
dc, dc
=7 E'l_(ébcb ®
fec  J%c
or o5 W (49

Where the following definitions have been used,

k,R*
¢, = (11)

k,R’
g, = D (12)
— ili (13)

Y=Yy
The initial conditions (5) and (6) remain the same and the boundary conditions are now

di= K|, (14)
7 o 15
a s [/ ( )

The solution of equation (10) will give the time and space variation of the concentration of the
reactive species surrounding the particle. An averaging technique can be applied to simplify the

analysis. An average concentration can be defined by

1
()= [cds (16)
0
Applying the average to equation (10) gives
d<c> Jdc
a7 =El—¢p<c> a7



Equation (17) can be solved using a closure technique, which will lead to the following set of

ordinary differential equations describing the average particle concentration and the bulk

concentration as functions of time

d<c>
== (y-4,)<c>-yke,
dc,
oy = <e>+0Ky-4,)c,
Defining the following groups
W=y-9¢,
V=-Ky
X=-yy
Z=-(Kyy-4¢,)
0=12W-2)
= —;—\/(z +W)* +4XV
where
¢, tanh 4,
V= tanh@—@
and
AR
=

leads to the final solution

¢, (7) = I:%IJ';T(T -0- Z):|{e(Q+T)’ - e(Q'T)’} +c, e "

<c>ﬁ7=%%%@@””—e@4”)

Case 11

(18)

(19)

(20)
21
(22)
(23)
(24)

(25)

(26)

@7

In this case the reaction rate is assumed to be negligible in the closure problem and all

remaining aspects are the same as in case I. This approach leads to




d<c>

i (-3-4,)<c>+3Kc, (28)
dc,
T Jy<c>-(3K+4¢,)c, 29)

For these differential equations, the coefficients can be defined as

W=(-3-4,) (30)
V=3K : 31
X=3 (32)

Z=CK+4,) (33)

Case III

The previous two cases solved the problem without mass transfer resistance of the
reactive species from the bulk solution to the carbon particle. This case will include the effects
of mass transfer resistance for the case of a single-component system and, as in Case II, the
reaction term will be left out of the closure problem. The species continuity equations for the
bulk phase is, and the particle phase are, the same as before; however, the boundary condition for
the particle phase changes to

dc

—ADZ
dr'™R

= AK,, (cR - Kc,) (34)

where K, is the mass transfer coefficient. Use of this boundary condition, following the same

averaging procedure as outlined above, leads to

d<c> ( ~3RK,, J ( 3KK, R ) 35
ir ~\Rk,+3D %)<>*k_r+3D/)% %)
de, ( AR?3K,, )< (3AR2KKW . ] 6)
= > —
ar ~\VRk, +3vD) “¢” \vRk, +a3vD %)%
Defining the groups

w (—3RKW ) 37
N RKm,+3D_¢” 7



3KK,, R
V= (——) (38)

K, R+3D
X ( AR3K, J 30
~\VRK,, +3VD (%9)
_( 3AR’KK,, N ] o)
“\VRK,, +3VD
Q=1/2(W-Z) (41)
1
=5J(Z+W)2 +4VX (42)

The same general solution as in the two previous cases applies.

Figure 2 shows sample calculations of the bulk and particle concentrations as a function
of time determined by the model. The bulk concentration decreases monotonically and the
average particle concentration initially increases as solute is adsorbed and gradually drops as
surface particle reactions begin to take place. Increasing the reaction rate constant in the particle,
as shown in Figure 3, leads to a more rapid drop in solute concentration in the particle, as is to be
expected. Figure 4 shows the effect of decreasing y, which reflects a decrease in area of particle
divided by volume of solution, leads to a slower decay in the average particle concentration.

This model has been extended to account for a system of multi-component interacting species.
Further work is necessary to couple this model of the chemical reactions to physical descriptions
of the nature of streamer propagation in the liquid phase. Currently, there is no well-developed
or accepted treatment for the description of streamer formation and propagation in liquid phase,
although of the two competing models, the model that involves thermal bubble formation (Jones
and Kundhardt, 1995) is perhaps more applicable to the longer pulses used in the present study.
Joshi, et al. (1995), considered the effect of the electrical field on the reaction rate constants and
found the initiation reactions to depend upon the field in a manner described by Kuskova (1990).
Further experimental data at various electrical fields in the presence of particles is necessary to

test this model for the conditions reported in the present study.
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Figure 2. Concentrations of bulk and particle with time as calculated by the model.
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SECTION1V
EXPERIMENTAL RESULTS & DISCUSSION

A. PHYSICAL DISCHARGE CHARACTERISTICS (Task 6)

Analysis of the effects of the added particles in combination with various types and
concentrations of salts is very important in assessing the utility of aqueous phase pulsed corona.
An extensive series of runs with activated carbon, washed activated carbon, glass spheres,
washed glass spheres, and copper particles was conducted. Measurement of power, voltage,
current, and sparkover voltage was made with various concentrations of salts and particles.

Figure 5 summarizes the effects of the added particles on the sparkover characteristics of
the corona discharge. From these experiments and earlier results it is clear that powdered
activated carbon has a substantially different effect on the corona reactor performance than any
other additive that we have considered. In addition to an increase in the sparkover voltage, visual
observations also show enhanced streamer length, width, and intensity. The addition of salts,
such as KI and others, also leads to increased sparkover voltages, however they do not enhance
streamer production and propagation.

To determine what was unique about activated carbon, elemental analysis of the carbon
was performed. Proton Induced X-ray Emission (PIXIE) of activated carbon powder, aqueous
solutions leached from the activated carbon, and aqueous solutions leached from the glass beads
gave the elemental composition of these samples as shown in Table 1. The commonest element
observed by PIXIE in the activated carbon was potassium (9210 ppm). This was followed by
1040 ppm of sulfur, 397 ppm calcium, 247 ppm phosphorus, and 129 ppm chlorine; the
remaining elements as shown in the table were below 100 ppm. The leached solution also
contained high levels of potassium, i.e., 157 ppm, and the various amounts of all the other
remaining elements were below 5 ppm. For comparison the solution leached from the glass
beads contained 39 ppm sodium, 9.4 ppm silicon, 9.9 ppm sulfur, 6.4 ppm calcium, 5.07 ppm

chlorine, no potassium, and very low levels of several other elements.
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TABLE 1. Elemental Composition from PIXIE analysis of carbon particles and wash solutions.

element carbon carbon leachate glass bead leachate
sodium bdl 12 ppm 39 ppm
silicon 86 ppm 4.90 ppm 9.39 ppm
phosphorous | 247 ppm 4.20 ppm bdl
sulfur 1040 ppm bdl 9.89 ppm
chlorine 129 ppm 2.63 ppm 5.07 ppm
potassium 9210 ppm 157 ppm bdl
calcium 397 ppm 3.07 ppm 6.39 ppm
chromium 2.6 ppm bdl 0.188 ppm
manganese 4.7 ppm bdl bdl
nickel bdl bdl 0.016
iron 94 ppm 0.069 ppm 0.061 ppm
copper 19 ppm 0.05p ppm 0.030 ppm
zinc 1.56 ppm 0.122 ppm 0.100 ppm
rubidium 17 ppm 0.294 ppm bdl
molybdenum | 6.66 ppm bdl bdl
selenium bdl bdl 0.022
strontium 13 ppm bdl bdl

(bdl = 1 ppb)

A series of experiments using cleaned activated carbon with various added salts was
performed in order to determine if the chemical composition of the salts affected the electrical
discharge. Figure 6 shows the power, in mJ/pulse, versus the applied voltage for samples of
1 and 2 g/l cleaned activated carbon with potassium chloride solutions of the same conductivity.
It is clear that the combination of potassium chloride and activated carbon results in significantly
lower power consumption in the reactor. Figure 7 shows the effects of carbon in combination
with sodium chloride and calcium chloride solutions of the same conductivity. Clearly these two

solutions behave as the potassium chloride solution without the addition of carbon. The

16



(A1) ebeyjoA palddy
05 S oy GE 0€ T 0z Sl 0l

T 00S

0001

IO) Wo/Sh 0L Pue uoqIea uesio | 52 = ¥

; uoinos ! | C0Sl
103 W/SN 0L PUE UCGIED UEB]D |/D | memasmman
UoN|OS 19 WO/SN O/ PUE SAINHET OUl cmeftfemmn |
000¢

00S¢

17

(os|nd/rut) 1omod
Figure 6. Power consumption of carbon solutions with and without potassium chloride.



0S

(AY) abeyjoA paljddy

&4 oF GE 0t Ge #74 Gl 0] %
“ 4 “ “ —r—— “ 0 -
.
-[- 00S
*I
|- 0001
vopnjog |
O WoySN 02 PuB uoqued UBSP 5 | = =}
“ uonpnos _ 00s1
- ZIOBD WO/SN 0L U} UOGIED UBSID /D | mumem’
w uonnjos
10BN WO/ 0/ U UOGHE0 UED 116 | —s—.
- 000¢

00sc

(esindypw} Jemod

Figure 7. Power consumption of carbon with various salt solutions.

18




combination of potassium and cleaned carbon clearly results in lower power consumption than
any of the other solutions considered. Glass beads in all salt solutions also resulted in behavior
very similar to the case of sodium chloride and calcium chloride with and without added carbon
particles.

Electron microscope studies of dirty and clean carbon were also performed and showed a
large variety of basic surface and pore features of the carbon and distinct “spots” associated with
the dirty carbon. These spots appeared to be removed when the carbon was washed with de-
ionized water. The general pore structure was not changed with washing, as expected, and the
macropores were generally of about 1 micron size. X-ray emissions scans of dirty and clean
carbon also showed high levels of potassium and some sulfur, silicon, and chlorine associated
with distinct spots on the surface of the carbon. The potassium, as well as these spots,
disappeared after the carbon was washed with de-ionized water. Scans of dirty and clean carbon
treated with pulsed corona discharge were also performed. The dirty carbon showed both silicon
and potassium on both the overall surface and the surface deposits. The washed carbon, after

corona treatment, showed no potassium, but had high levels of chlorine and silicon.

B. PHENOL DEGRADATION EXPERIMENTS (Tasks 6 and 7)

Figure 8 shows the concentration of phenol and several byproducts as a function of time
for solutions containing 1 g/l of clean activated carbon at 45 kV. The overall concentration of
phenol decreased from about 100 ppm to about 10 ppm in 15 minutes and at the same time the
byproduct with the largest concentration was catechol. Figure 9 compares the corona and no
carbon case with the corona and carbon case and the no corona and carbon case. Clearly corona
alone has the slowest decrease of phenol with time, although about 40 ppm of phenol is removed
in 15 minutes. The rate of decrease without corona and with carbon alone reflects the adsorptive
capacity of the activated carbon, however, no degradation reactions occur for this case. The
corona with carbon showed the highest removal of phenol and, as reflected in Figure 8, the
phenol is not just removed from solution; it is chemically degraded into byproducts. Figures 10
and 11 show the concentrations of catechol and hydroquinone for 45-kV corona discharge with

and without carbon. Figure 10 shows a higher bulk solution concentration of catechol for the
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corona without carbon, however, clearly the catechol also adsorbs onto the carbon. Figure 11
shows a higher concentration of hydroquinone in the bulk solution for the case of carbon and
corona than for corona without carbon. Therefore, the presence of carbon dramatically affects
the product distribution, which indicates the possibility of surface-induced or at least carbon-
corona-induced chemical reactions that do not occur with corona alone or certainly with carbon

alone.

C. EXPERIMENTS ON CORONA WITH FOAM

Aqueous Film-Forming Foam (AFFF) is a popular fire fighting material used in
extinguishing fires of flammable liquids or on vertical surfaces. AFFF is a very stable foam that
is not readily degraded by biological or chemical methods. Experiments performed with pulsed
corona discharge and AFFF have focused on qualitative analysis of the physical changes in the
foam structure during a pulsed corona discharge and quantitative analysis of the pulse
characteristics of the corona discharge in the foam (Lamar, 1996).

A series of runs with various amounts of surfactant in the reactor were performed. It was
found that the properties of the waveform varied with the amount of surfactant present and with
the location of the discharge needle. The rise time was greater and the pulse width and
maximum voltages were smaller when the concentration of foam was larger. There was no
change in foamability of the solution or stability of the resulting foam after treatment with pulsed
corona for 15 minutes. In addition, no significant changes in the conductivity or pH of the
solution could be observed. When foam filled the gap between the electrodes, it was found that
approximately 700 ml of foam was broken down in about 10 minutes. Since the resulting
solution could be refoamed and the stability and structure of the foam was not different from the
original, it was concluded that the foam was not chemically degraded by the corona and that

mechanical shock waves created by the foam led to rupture of the films in the foam (Lamar,

1996).
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SECTION V
CONCLUSIONS

Pulsed corona discharge in aqueous solutions is a potential method to treat contaminated
water containing small aromatic compounds. The addition of activated carbon has been found to
dramatically affect the power characteristics and the streamer properties of liquid phase
discharges. The addition of potassium in combination with cleaned carbon caused the power
consumption of the reactor to decrease and also led to enhanced streamer production and
streamer intensity. A mathematical model using concepts from reaction/diffusion analysis
describes the general effects of combined bulk chemical reaction, particle surface reaction,
adsorption, and mass transfer on reactant depletion in the corona reactor. The major byproducts
observed for phenol degradation include hydroquinone, catechol, and resorcinol. Analysis of the
rates of change of bulk solution concentration with time indicate that corona combined with
activated carbon leads to enhanced phenol degradation in comparison to corona alone and to

simple adsorption that occurs with carbon alone.
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SECTION VI
RECOMMENDATIONS

The present study has focused on the application of pulsed corona discharge in the
presence of activated carbon particles and leads to the possibility of surface-induced chemical
reactions. In order to consider more fully surface-induced chemical reaction by corona discharge,
it is recommended that further work on the modification of the corona electrodes be conducted.
Specific recommendations include:

1) Modify liquid-phase reactor for use with reticulated vitreous carbon electrodes. Perform
electrical field studies by connecting carbon electrodes to high-voltage power supply source.
Measure current, voltage, and power waveforms using high-voltage oscilloscope. Perform
electrical tests by connecting various carbon electrodes to the ground side of the electrical circuit.
Measure current, voltage, and power waveforms using high-voltage oscilloscope.

2) Measure effects of carbon electrodes on the production of hydrogen peroxide and hydroxyl
radicals in de-ionized water and water containing various salt compositions and concentrations
following methods given in Joshi, et al. (1995).

3) Measure effect of electrodes on ozone production when air or oxygen gas is bubbled into the
corona reactor.

4) Determine the effect of the above electrode modifications on model test compound
destruction through measurement of reaction products and rate of decomposition. Measure
products and reactants with HPLC following methods used by Grymonpre’ (1997) and compare
with experiments conducted for a non-modified corona reactor.

5) Modify electrodes through coating with transition metal catalysts and other catalysts and
determine if these modifications lead to enhanced chemical degradation of target pollutants or

enhanced production of reactive species.
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PREFACE

This report was prepared by Cadet Daniel LaMar from the United States Air Force
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This final report describes the physical and electrical characteristics observed for
the pulsed corona reactor with different electrode configurations in the presence of foam
and surfactant solutions. It also describes the effects of different gases in the spark gap
;1uring the trial runs and provides recommendations for future studies with the foam in the
pulsed corona reactor.
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Chemical Engineering at the FAMU-FSU College of Engineering. The Air Force
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INTRODUCTION
1. STATEMENT OF PROBLEM

Controlling fire has been a problem for an extremely long time. Fire is very
destructive and is fairly difficult to control. For this reason, there has been much
emphasis placed on the capability to fight fires effectively. There are several methods
that are currently used; the most common of which is the addition of water. However,
water has some major problems when used against certain types of fires. The first type of
fire that cannot be controlled with water is the Class B fire, or the normal flammable
'iiquid fire, where the fuel has a specific gravity of less than 1. This makes the fuel less
dense than water. When the fire fighters add water to put these fires out, the fuels tend to
float on the water and continue to burn. The other kind of fire that water does not work
well on is the Class A fire made from ordinary combustibles with vertical surfaces. When
there is a vertical surface that is on fire, the water tends to run off this surface, and it does
not stay in the heat zone long enough to get maximum benefit from its heat absorbing
capabilities (Mellot 1992). Due to these important problems with water as a fire fighting
material, there has been work performed to develop other fire fighting technologies.

The main fire fighting material that is used in extinguishing fires of flammable
liquids or vertical surfaces is a foam. A foam is “an agglomeration of gas bubbles
separated from each other by thin liquid films (Bikerman 1973)”. One type of foam that
is used in this work is AFFF (Aqueous Film Forming Foam). This foam is popular
enough that it dominates the American market in fire fighting foams (Wilson 1989).

Although AFFF has good fire fighting characteristics, there is one major problem that
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arises each time the foam is used. AFFF is a very stable foam that does not break down
easily. It is stable enough that the foam does not go away for a long period of time after
its use. Because of this, Tyndall AFB is facilitating research at Florida State University in
order to determine whether a pulsed streamer corona can be used to break down this

foam.

2. STRUCTURE OF A FOAM

The structure of a foam is important in understanding why some foams are stable
;md others are not. It is therefore important to distinguish the difference between good
stability and good foamability. In general, a foam that has good foamability has “the
capacity for rapid adsorption and unfolding at the interface.” According to Wilson,
“Foam stability on the other hand, is dependent on the ability...to form a.strong, flexible,
cohesive film, so as to reduce gas permeability and inhibit bubble coalescence.” (Wilson
1989). Thus, a foam that is very foamable‘ can easily form foam, while a foam with good
stability does not necessarily form a lot of foam, but it does not break down easily. There
are many foams that are foamable but not stable, or vice versa.

In order for a foam to exist, it must have two characteristics. The liquid must
exhibit surface tension (Aubert 1986). There is nearly always an attraction to like
molecules due to van der Waals forces. All purely polar or purely non-polar liquids have
surface tension, however the molecules that are both polar and non-polar such as
isopropyl alcohol tend to have very little surface tension. The molecules of any pure

liquid like to be close to molecules of the same molecular structure. When these
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molecules are in the bulk liquid they feel an isotropic attraction from all directions.
However, when any of these molecules start getting close to the liquid-air interface, they
are more strongly attracted to the bulk liquid than to the surface. This makes the energy
higher at the surface than in the bulk liquid, and demonstrates the phenomenon of surface
tension. Also, there can not be a single substance by itself; there must be an impurity
added (Aubert 1986). In the example of AFFF, there are four main ingredients: 2-(2-
butoxyethoxy) ethanol, water, flouroalkyl surfactants, and synthetic detergents. One of
these ingredients by itself could not create a foam. However, the combination of these

hcompounds creates an extremely good foam. In this paper, the only type of foam that
will be referred to are aqueous foams which are foams that must be mixed with water in
order to form a “good” foam.

The foaming agent that is added to water must have a particular chemical structure
in order to be a suitable surfactant. This agent must have an end that is hydrophilic and
an end that is hydrophobic. In order to form a foam the surface tension of the overall
liquid must be lowered as mentioned above. When this happens, the difference in energy
between the bulk liquid and the surface is not as great. Thus, the molecules have a
greater affinity for the surface than they did before the surfactant was added. The reason
for this lowering of the surface tension is due to the hydrophobic end being attracted to
the surface while the hydrophilic end is attracted to the bulk liquid. This causes the
energy inside the liquid to be raised, and the energy on the surface to be lowered. With
this liquid having a lower energy differential between the surface and the bulk liquid it is

possible to make a foam. The typical surface tension of water is approximately 73 mN/m,
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while the surface tension of water with a surfactant will generally be 35 mN/m or less
(Wilson 1989).

Once a film has been formed, the Gibbs and the Marangoni effects can be used to
explain the stability of the foam cells. The Gibbs effect states that as a foam cell
increases in size, the surface tension also increases, thus making the bubble contract and
become smaller (Aubert 76). This effect is caused by the concentration of surfactant
molecules at the surface. There are a finite number of these surfactant molecules in each
bubble, and when the bubble gets stretched, the proportions of surfactant molecules at the
;urface decrease. As shown earlier, a decrease in surfactant concentration gives an
increase in surface tension. This causes a decrease in the size of the bubble. The
Marangoni effect is a temporary effect that states that as a bubble gets larger it takes a
certain amount of time for the surfactant molecules to diffuse to the surfaf:e of the bubble
(Aubert 1986). This makes it where the surface tension slowly decreases to the Gibbs
value. This slow transition causes the bubbles to stay virtually the same size without
small fluctuations in thickness.

The final factor that is interesting about foams is the shape of their bubbles.
When a foam is wet (just after it has been foamed), the bubbles are perfectly spherical
(Aubert 1986). If there is a lot of water in the foam, the water stays in between each
bubble and causes it to be perfectly spherical. However, when a bubble has become dry
as liquid drains off; it no longer has the spherical shape. The bubbles take on an irregular
polyhedral shape caused by the lack of water in the boundaries. Without water to fill up

the boundaries between the bubbles, there is nothing to keep them perfectly spherical, and
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they instead become irregular in shape with straight lines, and up to 120° corers between

the bubbles.

3. PULSED STREAMER CORONA - LIQUID PHASE
The pulsed streamer corona is a technology that has been in use for more than
fifteen years. However, the first use of a pulsed streamer corona in a liquid came in 1985

(Clements 1985). This technology uses a high voltage power supply to produce a pulse

across a gap sometimes filled with air, water, or other liquids. When the voltage becomes

high enough a corona discharge is formed. This corona forms what are considered
streamers. These streamers are actually “region(s) of highly ionized gas (a non-thermal
plasma) where a wide range of highly reactive radicals and species are formed through
collisions among electrons, molecules, and ions (Chang 1992).”  The variables that can
be changed in these experiments range from the rate of pulsing to the voltage of the
charge, though the pulse rate is rarely changed.

This technology is important in the field of pollution research because it has been
found that a pulsed corona can chemically break down various molecules. It was found
that water could lead to formation of hydrogen peroxide and hydroxyl radicals by putting
it into a pulsed streamer corona, and that a catalyst of iron could facilitate the subsequent
breakdown of phenol (Joshi 1994). These findings are important because they show the

magnitude of some of the work that can be done with the pulsed streamer corona.
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4. OBIJECTIVES FOR CURRENT STUDY

This study will have a qualitative analysis of the physical changes in foams that
have been subjected to the pulsed streamer corona. There will also be a quantitative study
of the waveforms made by the foam. The first thing needed in order to understand the
results that were obtained is to understand the electrical characteristics of a foam. The
conductance of a foam is directly proportional to the amount of liquid in the foam
(Bikerman 1973). This is important because it shows that it will be much more difficult

for a current to travel through an aqueous foam that has become virtually dry, while it will

travel much better through a wet foam. The other electrical characteristic of importance

is that the current will travel through the path of least resistance. Therefore, if the current
is traveling vertically from the anode to the cathode, the current will not travel along
horizontal walls of the foam bubbles (Bikerman 1973). An interesting result of the
present study was the observation that the current does not seem to affect the chemical
structure or characteristics of the surfactant. This study is a preliminary investigatior; to
determine whether a pulse corona can break down AFFF. This is important because at
Tyﬁdall Air Force Base, as well as many other locations, the foams used for fire fighting
are not easy to dispose of. The pulsed streamer corona is a possible solution to this
problem, and this study will be the first of many to determine the usefulness of this
method for foam breakdown and degradation.

This study will examine both the visual characteristics of the foam and the
electrical characteristics of the waveform, the pulse width, rise time, and maximum

voltage. This study will provide good examples of each of these waveforms. A physical
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description of what happened under each condition tested will also be given. Due to the
nature of these tests, there are many non-quantifiable results that will be recorded.
However, future studies can be recommended to find more quantifiable results to each of
the problems that will be posed in this paper. These experiments will be extremely

important in determining what should be pursued in the future.
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MATERIALS AND EXPERIMENTAL METHODS

The experimental setup for the pulsed corona is shown below in Figure 1.

Tall

. Resistor
HV Capacitors
Resistors PR S
S:par:k ‘ Ground
Saurce Diode Gap
Reactor Ground
Figure 1

In this figure, the high voltage power supply is a high voltage transformer
providing alternating current at 60 Hz and voltage up to 100 kV. The current then travels
into a series of resistors totaling 3000 kQ, which are used to lower the current. The signal
then passes into four diodes used to remove the lower half of the signal. This signal is
then sent into four 2000 pF capacitors. These capacitors are used to hold the charge until
the spark gap completes the circuit. The spark gap is a cylindrical rod that rotates at 3600
rpm between two metal spheres. The sphere on the left side is connected to the capacitors
and the sphere on the right side is connected to the anode in the reactor. Thus, as the rod
rotates, it completes the circuit twice per revolution. After the current leaves the spark
gap, there are two options. One option is for the current to go directly into the reactor,
and from there into the ground wire. The second option is for the tail resistors to be
connected to the system. If they are connected, the current leaves the spark gap, and goes

throughout the tail resistors and the reactor with these two devices being connected in
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parallel. The purpose for the tail resistors is to make sure that the current goes across the
spark gap when using a gas in the reactor. When considering the system, if the reactor
has air in it, then it also has an extremely high resistance. This resistance might be high
enough to prevent the voltage pulse from traveling across the gap between the anode and
the cathode. However, if there is another path for the current to travel across, then it will
take that path. When the tail resistors are attached the current will travel through them,
and the current will travel across the spark gap every time the circuit is completed.

A diagram of the liquid phase reactor is shown in Figure 2.

Reactor Setup
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Figure 2
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This diagram shows how the current will travel while it is in the reactor. The
current first travels into the reactor in the wire along the side. This wire is insulated by a
piece of plastic shrink wrap. It is also encased in a glass tube to further insulate it. This
wire is connected to a hypodermic needle. This needle provides a “point” for the current
to travel from. Then, the current travels across the gap to the ground plate. This plate
provides the “point to plane” geometry that was used in each of the trials accomplished in
this series of experiments. A sparger was placed in the reactor in order to make the foam.

Connected to the input wire of the reactor, there was a Tektronix P6015 voltage
];:;robe. This voltage probe was connected to a Tektronix TDS 460 oscilloscope which
was used to determine the pulse width, rise time, and voltage maximum of the waves
going into the reactor. Connected to the output wire, between the ground plate and the
ground wire, was a Tektronix P6021 current probe. This was used to dete_:rmine the
maximum current that traveled through the reactor. These waveforms were saved on the
oscilloscope and afterwards they were plotted on a Tektronix HC100 Color Plotter and
attached in Appendix A.

There were several experiments that were run in order to characterize the
waveforms that were created. First, there were four runs that were performed in order to
determine the effects of adding different gases into the spark gap. The reason for this was
oxidation. There was a lot of residue that was building up on the metal spheres and the
cylindrical rod in the spark gap due to oxygen reacting with the metal to oxidize the metal
surface. After the oxidation built up for 15-20 minutes, the sparks became very

intermittent. Because of this, it was determined to see if it would be possible to change
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the atmosphere in the spark gap to another gas which could in turn lower the amount of
oxidation. The gases that were tried were helium, nitrogen, compressed air, and standing
room air. The helium and nitrogen were used to determine whether these different gases
could lower the oxidation, and if they had any effect on the waveform. In order to
perform this series of experiments there was a trickle of each gas run into the spark gap,
and the waveforms were saved at 0 minutes and again at 10 minutes with the input
voltage set at 35 kV.

There was an additional series of experiments that was done in order to provide a
standard to compare with the results from the foam runs. First there was a run with just
air in the reactor. This was done to compare to the results when the reactor was full of
foam. This case was run with and without the tail resistors attached, and it was
performed with input voltages of 30 kV, 35 kV, and 40 kV. Another run was made with
water covering the anode but not reaching the ground plate. This vs./as performed in order
to compare with the results when the foam solution liquid was over the anode and foam
covered the ground plate. Again, this was done with and without tail resistors at 30 kV,
35 kV, and 40 kV. The final run that was performed as a standard was a run with the
reactor full of water. This was completed without the tail resistors at 30 kV and 35 kV
input voltage.

After these standards were completed, the runs with foam were started. There
were several experiments that were completed and each was run for 30 minutes with an
input voltage of 35 kV. Readings of rise time, pulse width, and maximum voltage were

taken at the beginning, and then again every five minutes throughout the thirty minutes.
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There were five runs that were performed with a concentration of approximately 0.1%
foam solution with 99.9% de-ionized water. One run was performed with the surfactant
liquid filling the reactor from the anode to the cathode without the tail resistors. The
second and third runs were completed with the liquid over the anode and the foam over
the cathode with and without the tail resistors. These runs gave an approximate volume
of 800 mL of liquid and 200 mL of foam. The fourth and the fifth runs were completed
with foam covering both the anode ‘and the cathode with and without the tail resistors.
After these runs were completed these same experiments were performed with a 0.01%
f:)am solution. The only difference was that the fourth and fifth runs were omitted due to
the foamability of the solution. The solution was not foamable enough at 0.01%
concentration to fill the reactor to the top with foam, thus it necessitated the omission of
these runs. Before and after each run the pH, temperature, and conductiviffy of the
solution were measured in each solution.

The final experiment that was performed was an analysis of the refoamability of
each solution after being treated by the corona. In order to do this, a beaker with 100 mL
of the untreated liquid was placed in one 500 mL beaker, and 100 mL of the treated liquid
was placed in another 500 mL beaker. A sparger was placed in each one, and they were
bubbled until they were full. It was then watched for 30 minutes to determined if there

was any apparent difference in the stability of the foam.
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RESULTS AND DISCUSSION

The initial experiment performed was to determine the effects that the atmosphere

in the spark gap had on the resulting waveform and the oxidation on the spark gap. Table

1 summarizes these results.

Waveform data with different atmospheres in the spark gap

Gas Pulse Width Rise Time Max Voltage
Helium 470 ps 70 ns 35V
Nitrogen 820 ps 16 ns 548V
Compressed Air 880 ps 16 ns 544V
Air 890 ps 17 ns 56.0 V
Table 1

This table shows that with helium in the spark gap it changes. virtually every
measurable characteristic of the waveform. It was also noticed that the initiation time for
each spark was irregular with helium in the spark gap. This was because the spark could
travel through the helium easily enough that the spark was not traveling across the gap at
the same point in the rod’s rotation. Each rotation of the spark gap caused the spark to
initiate at different times. Therefore, the pulse was irregular even though the rod in the
spark gap was rotating at the same speed. It was noticed that the nitrogen, the
compressed air, and the still air gave almost the same results for the waveform
characteristics. However, the nitrogen did not decrease the amount of oxidation that built

up on the electrode. This may be due to insufficient purging of the spark gap atmosphere.
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After these experiments were run, the standards with air, water, and a combination

of both were performed. The results are shown in Table 2.

Waveform Characteristics for Standard Solutions

Sample Input Tail Rise Time Peak Pulse Width
Voltage Resistors Voltage
Air 30kV Yes 23 ns 450V 1.25 ps
Air 35kV Yes 27 ns 554V 1.25 ps
Air 40 kV Yes 28 ns 612V 1.5 ps
Air 30kV No 15ns 500V 10 ms
Air 35kV No 15 ns 390V 12 ms
Air 40 kV No 22 ns 550V 12 ms
Y Alr, Y% 30kV Yes 26 ns 460V - 1.1 ps
Water :
V2 Air, 2 35kV Yes 28 ns 514V 1.1 ps
Water
Y2 Air, 2 40 kV Yes 37 ns 574V 1.25 ps
Water
Vo Air, Vs 35kV No 14 ns 53.0V 6 ms
Water
Water 30kV No 21 ns 444V >4 ms
Water 35kV No 19 ns 522V >4 ms
Table 2

This table shows that the tail resistors have a huge effect on the pulse width. The

pulse width is much less with the tail resistors on the system. The pulse width is greater

than one millisecond for each of the trials without the tail resistors, however, the trials
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with the tail resistors gave pulse widths of between one and two microseconds. In
general, the input voltage had a direct correlation with the maximum voltage. The tail
resistors also had a big impact on the rise times for the different waveforms. When the
tail resistors were on the system, the rise time ranged from 23-37 ns, however, when the
tail resistors were removed, the rise time was only 15-22 ns. Thus, the rise time was
generally higher without the tail resistors on the system.

During these runs, the physical characteristics of the corona and the streamers
were very noticeable. For the runs with just air, and the tail resistors on, there was not
Amuch that was visually apparent. However, when the tail resistors were removed, the
streamers were apparent with the lights turned out. They were short streamers
(approximately 1-2 cm) and they were pink. They were nearly all in the upward direction
towards the ground plate. As the voltage was increased, the streamers got a little bit more
noticeable, however, it was still necessary to have the lights turned 6ff in order to see
them. When there was water filling the entire reactor, the streamers were much longer.
They would reach lengths of 3-4 cm. They were much brighter as well. It was possible to
see all of the streamers with all of the lights in the room on. These streamers were again
nearly all going straight toward the ground plate.

The most interesting case was the case where there was approximately 800 mL
water and 200 mL air in the reactor. In this case, the anode was approximately 2.2 cm
below the surface of the liquid, and the surface was approximately 2.8 cm below the
ground plate. During these runs there were intermittent streamers coming off of the

anode. At the times when there were streamers coming off the anode, there was an



electrical discharge propagating from the cathode that appeared to be confined to the
walls or surfaces of the reactor. These discharges will be referred to as cathode initiated
streamers. These cathode initiated streamers would travel from the ground plate to the
wall of the reactor. Then, they would travel down the wall in a straight line to the water.
Once this cathode initiated streamer would reach the surface of the water, it would branch
out into several branches and go across the top of the water in several directions.
Sometimes the cathode initiated streamers would last for 1-2 seconds. The cathode
initiated streamers were a lot more frequent where the glass tube was touching the side of
the reactor. This is probably due to a conductive pathway from the water. There was
probably water that was forming a path that went from the water to the area near the
ground tube. Although all of the sparks did not travel down this tube, there were
definitely more of them there than other areas of the reactor wall. Anothgr change that
was apparent in some of the runs was the ringing that was present 1n the waveforms.
When the reactor had air in it, both all air and 200 mL air - 800 mL water, there was a
significantly greater amount of ringing that was present in the volt‘age waveform. An

example of these waveforms is shown in Figure 3.
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The results from the experiments of the foam are given in Table 3.

Waveform Characteristics for Foam Solutions

Concentration Tail Configuration | Rise Time Peak Pulse Width
Resistors Voltage

1% No All Liquid 26 ns 500V 11.7 ps

1% No 2 foam, 2 76 ns 574V 160 ps
liquid

1% No All Foam 15 ns 572V 108 ps

1% Yes Y, foam, % 28 ns 52.8V 500 ns
liquid

01% No All Liquid 17 ns 562V 76 ps

01% No Y, foam, %2 15 ns 576V 1.04 ms
liquid

.01% Yes Y, foam, Y2 27-19 ns 53.6-614V 500 ns
liquid

Table 3
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The results in Table 3 show that for the most part, the properties of the waveform
are different for each of the different configurations and concentrations. The rise time
was greater and the pulse width and maximum voltage were smaller when the
concentration was higher. In this table, there does not seem to be anything in particular
that changed the maximum voltage, however, the rise time was definitely smaller with the
tail resistors on the system than without them. The pulse width was significantly smaller
with the tail resistors on than without them.

The visible characteristics are most interesting to watch during these runs. For the
runs that were all liquid, there was very little change that could be seen. Many
microbubbles were formed in the solution during the time that the corona was running.
These microbubbles rose to the top of the solution as soon as the corona was turned off.
However, there was very little change in the conductivity or pH of the solution. In
general, the pH went down slightly and the conductivity went up slightly. These results
are shown below in Table 4. After running the corona, the solution was bubbled to form
a foam. There was no change in the foamability or the stability of the foam before or
after the experiment. With the lack of significant change in the conductivity or pH of the
solution, and the lack of change of the foam, there is no evidence to support a chemical

degradation of the surfactant.
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Characteristics of the Foam Solutions Before and After Corona Treatment

Concentration Tail Configuration Before After pH Before After Before After

Resistors pH Cond. Cond. Temp. Temp.

(us/cm) | (ps/cm) (09 (4Y)

0.1% No All Liquid 5.0 3.9 11.5 23 21.1 | 334

0.1% No 200 ml Foam, 4.9 34 11.5 75 22.0 | 30.1
800 ml Liquid

0.1% Yes 200 ml Foam, | 5.09 | 5.17 | 11.8 | 124 | 21.5 | 28.6
: 800 ml Liquid

0.01% No All Liquid 4.8 4.5 1.55 2.2 21.5 | 29.8

0.01% Yes 200 m! Foam, 4.8 5.0 1.8 1.55 | 21.7 | 30.1
800 ml Liquid

Table 4

For the runs with foam filling the gap between the electrodes, the physical
breakdown of the foam depended on whether the tail resistors were being used or not.
When the tail resistors were not used, there was no change in the foam, gnd there was no
visible corona. Because of this, it is extremely unlikely that there was very much current
that was going through the reactor, instead it was going through the tail resistors. When
the tail resistors were not used, there were definite streamers that went through the foam
toward the ground plate. As the streamers were going through the foam they broke the
foam down visibly. This experiment also caused the same cathode initiated streamers
that moved along the side of the reactor that occurred in the water when it was half full.
As soon as these sparks touched the foam it would break down. This experiment caused
the foam (approximately 700 mL) to break down within 10 minutes. There is not a
known reason for this physical breakdown, but one hypothesis is that there is a shock

wave that moves through the foam that is strong enough to break the foam. It could also
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be related to the Gibbs and Marangoni effects. It is possible that the streamers moving
through the foam cause a change in concentration of the surfactant in the bubbles. This
change in concentration could cause an increase in the surface tension and cause the foam
to break down.

When the reactor had 800 mL liquid and 200 mL foam, the foam was broken
down the quickest. During these runs, about 200 mL of foam were totally broken down
in 5 minutes. There waé very little change for the first 2.5-3 minutes, but all of the foam
broke down in the last 2-2.5 minutes. This experiment caused the same cathode initiated
;treamers as the runs with 800 mL water and 200 mL air. These sparks ran down the side
of the reactor generally along the same path as the glass tube holding the wire, and the
sparger. These sparks are what break down the foém. Again, with the little change in pH
and conductivity, it is very unlikely that there is a significant change in the chemical
structure of the surfactant, and it appears to be only a change in the i)hysical structure of

the bubbles.
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CONCLUSION

During these experiments there was a definite breakdown of the foam that was
observed. However, the problem that was found is that the cause of the breakdown is
unknown. It is unknown whether it was the anode initiated streamer or the cathode
initiated streamer traveling down the side of the reactor. This is important because the
results should be very easy to duplicate in the field if it is the anode initiated streamers,

' while it will be much more difficult to reproduce if it is the cathode initiated streamers
that are causing the foam to break down. We also found that there was a physical
breakdown of the foam, but no appreciable chemical breakdown of the foam. The best
way to operate the reactor in order to break down the foam appeared to be when there was
only foam, or 200 mL foam and 800 mL water without tail resistors. Although the runs
where there was 200 mL foam and 800 mL liquid appeared to work the best, there is a.
problem with the feasibility of the application in the field. It would be very difficult to
actually use a pulsed corona with the setup similar to what was used in the previous
experiments with liquid covering the anode and foam covering the cathode. When there

were tail resistors, there was no change in the structure of the foam.
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RECOMMENDATIONS

There are several experiments that need to be considered in the future in order to
more fully understand the mechanism of what is happening in the reactor. First, itis
apparent that there are generally several conductive pathways from the ground plate down
to the surface of the liquid. This is a big problem because it would be difficult to employ

this technique in the field to break down the AFFF because there would not always be any

conductive pathways from the anode to the cathode. There are a couple of solutions for

this. One would be to use a larger reactor, this would make the ground plate farther from
the side of the reactor. The other solution to this problem would be to use a smaller
ground plate, this would alleviate the problem in the same manner.

Another experiment that could be conducted is to determine if the corona will
break down the foam if there is a continuous feed of foam. If there is an optimal amount
of foam that can be in the reactor, and if it will break down foam as it is being added
when there is this optimal amount in the solution, it could be useful for understanding the
mechanism of the foam breakdown. This is an important question in order to know the
rate at which the foam can be broken down. Another question is how fast the foam can
be broken down. This rate can possibly be increased by increasing the voltage. In the
cases considered in the present experiments, all of the runs were performed with the input
voltage at 35 kV. It is possible that the foam will break down faster at higher voltages.

Another question is whether the surfactant is actually being broken down. The

best way to test this would be to collect samples of the liquid before and after running
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pulsed corona experiments. They could then be tested to determine what is in them, and
compared analytically to determine if there are any differences. In addition to this, if
there is a chemical breakdown of the surfactant, it is possible that there could be a catalyst
added to the solution to facilitate the chemical breakdown of this compound. In previous
studies it was found that the addition of iron salts “was found to significantly enhance
phenol degradation (Sharma 1993)”. This same technique might possibly be useful in
breaking down the surfactant. Another possibility to increase chemical degradation
would be to add O, through the needle electrode. Oxygen addition through the needle
;lectrode is known to lead to ozone production (Clements 1985). This might also lead to
the chemical breakdown of the surfactant.

Other experiments that would be of interest in order to get a better fundamental
understanding of the mechanism that takes place during corona dischargev in foams would
be to test what happens with different surfactants with known chemical structures, such as
single hydrocarbons, alkyl chains, and other structures that might be easier to chemically
degrade. If it is known how each of these break down, it would also help in

understanding at least the rate of breakdown of AFFF or other foams.
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